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' (57) Abstract: A method for forming a 

patterned film on a substrate, the method 
including: providing a first flowable medium 
on the substrate and a second flowable medium 
on the first flowable medium, the first and 
second flowable media having different 
dielectric properties and defining an interface 
there between; applying an electric field to 
the interface for a time sufficient to produce a 
structure in the first flowable medium along the 
interface; and hardening the structure in the first 
flowable medium to form the patterned film. 
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Lfl=nIQE g APPAPATII S FORFQRMm^B MTrFONPATTF,KNS ON FILMS 
rm^-Reference toRelated Application 
This application claims benefit from U. S. provision application 60/173,001, filed on 
December 23, 1999, which is incorporated herein by reference in its entirety. 

gield of the. Invention 
The invention relates to methods and apparatus for producing submicron patterns on 
fihns Tnismventionwa S madewimgovernment S upportunderNSF#DMR-9809365,and 
DOE #DE-FG02-96ER456 1 2. The government has certain rights in this invents. 

Rack prnund of t he Invention 
1„ the microelectronics, biotechnology, adhesive, and microsystem industries, it is 
imporumttoprcdncchigh-resolutionpatternsonsubstra^. For examples, such mgh- 
resolution patterns are nectary to produce integrated circuits. Limi^ on the reso.ufon of 
such patterns limit the performance of such integrated circuit, Presentiy. microlithography 
is commonly used to produce patterns on substrates. Microlithography techniques invo,ve 
exposing a photoresist to an optica, pattern, and using chemicals to etch either the exposed. 
„runexposed.por,ionsof.hephotoresisttoproduce.hepatternon.hesubstta,e. The 
resolution of the pattern is thus limited by the wavelength of light used to produce the opucaj 
pattern. 

Summary " f tVip. Invention 
The present invention re.ates to a technique for producing lithographic structures by 
exposing a, least one film onasubstrate to an externally applied electric field, such as that 
produced within a parafiel plate capacitor. The externa!* applied electric field pro uces 

pattern The resolution of the pattern will depend on the magnitude of the electric field, and 
the dielectric constant, surface energy, and the viscosity of the fiim. The pattern can be 
fiMher specified by spatially controlling the e.ectric field, e.g., by using patterned e.ectrodes 
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in the capacitor. The pattern can also be further specified by spatially varying the surface 
energy of the film. 

In general, in one aspect, the invention features a method for forming a patterned film 
on a substrate. The method includes providing a first flowable medium on the substrate and 
a second flowable medium on the first flowable medium. The first and second flowable 
media have different dielectric properties and define an interface between them. The method 
further includes applying an electric field to the interface for a time sufficient to produce a 
structure in the first flowable medium along the interface, and hardening the structure in the 
first flowable medium to' form the patterned film. 

Embodiments of the invention can include any of the following features. 
For example,, the first flowable medium can be a liquid, and the second flowable 
medium can be another liquid, or a gas at any pressure. Furthermore, the hardening can 
include: initiating a chemical reaction in the first flowable medium; polymerizing the first 
flowable medium; or cross-linking the first flowable medium. 

To create a selected pattern, the application of the electric field can include laterally 
varying the strength of the electric field along the interface to define the structure. 
Furthermore, the method can include providing the substrate with a laterally varying surface 
energy to further define the structure. Alternatively, the method can include providing the 
substrate with a laterally varying surface energy to further define the structure, without 
laterally varying the strength of the electric field along the interface. 

The substrate can include a lower electrode and the application of the electric field 
can include applying a voltage across the lower electrode and an upper electrode spaced from 
the lower electrode by at least the first and second flowable media. Furthermore, to laterally 
vary the strength of the electric field along the interface, the method can involve any of the 
following: at least one of the upper and lower electrodes can have a topography that defines 
a laterally varying separation between the electrodes; at least one of the upper and lower 
electrodes can include multiple, lateral regions having different conductivities: and the 
substrate can include a layer of non-conductive material positioned between the lower 
electrode and the first flowable medium, wherein the layer of non-conductive material 
includes multiple, lateral regions having different dielectric properties. Moreover, the 
substrate can include multiple, independently addressable lower electrodes and/or there can 
be multiple, independently addressable upper electrodes, to thereby laterally vary the strength 
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of ,he electric fieid along .he interface. For example, the application of the external electric 
fldd can include generating multiple, potential differences between one or more ot .he lower 
electrodes and one or more of die upper electrodes. 

More generally, when the substrate includes a lower electrode, the substrate can 
include a layer of non-conductive material positioned between .he lower electrode and the 
first fiowable medium. Furthermore, the upper electrode can be spaced from the second 
flowable medium by a layer of non-conductive material. Tha, layer of non-conducnve 
material may include multiple, lateral regions having different dielectric properties. ,o 
laterally vary the strength of the electric field along the interface. 

The method can further include separating the upper electrode and the second 
flowable medium from the hardened lateral structure to reveal the patterned film. Also, the 
method can be repeated to form multiple patterned films on the substrate. 

Furthermore, the method can be used for microlithography. For example, the 
patterned film can expose selected regions of the substrate and the method can further 
5 include removing a layer of the substrate at each of the exposed regions. Also, the patterned 
film can expose selected regions of the substrate and the method can further include 
depositing a layer of material a, each of the exposed regions of the substrate. 

,„ another aspect, the invention features the patterned film produced by the method. 
,» general, in another aspect, the invention features a method for producing a pattern 
,0 on multiple substrates. Each of the multiple substrates has at leas, one lower electrode. I he 
~ m ethodinc.»des:providingamas,erdefiningthepar,em.,hemas,erinc,ud,nga,leastone 

upper electrode: providing a firs, flowable med.um on one of the substrates; posmonmg the 
master above the firs, flowable medium spaced from the first flowable medium by a, leas, a 
second flowable medium, the firs, and second flowahle media having different d.electnc 
25 properties and defining an interface there between; applying a voltage across a, .east one of 
LLre.ec.rodesanda,lea,oneofuaeupperelec,rodesfora,ime S uff,,e„.<oproducea 

structure in the firs, flowable medium along the interface; hardening the lateral structure ,n 
the firs, flowable medium to form the pattern: and using the same master, repeatmg the 
second providing step. *e positioning s.ep. .he generating s.ep. and the hardening step lor 

30 additional ones of the substrates. 

Unless otherwise defined, all technical and scientific terms used herem have the same 
waning as commonly understood by one of ordinary skill in the art to which this invent.on 
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belongs Although methods and materials similar or equivalent to Arose desoribed hem. can 
be nsed in the practice or testing of the present invention, suitable methods and materials are 
described below. All publications, patent applications, patents, and other references 
mentioned herein are incorporated by reference in (heir entirety. In case of conihct. the 
present specification, including definitions, will control. In addition, the materials, methods, 
and examples are illustrative only and not intended to be limiting. 

The techniques disclosed hereincan include many advantages. For example, the 
patterns are produced without optical radiation, and therefore their resolution is no. limned 
by the wavelength of optical radiation. In principle, the toeral resolution of the pattern can 
be made arbitrarily small by controlling tire externally applied electric field and selecting a 
flta with appropriafe properties. Furthermore, the techniques can produce high-resoluhon 
patterns on the film," without requiring the use of chemicals to etch or remove port.ons ot the 



film 



Other features and advantages of the invention will be apparent from the following 
detailed description, and from the claims. 

TVFSCRTPTTON THF PR AWINGS 

Figs la and lb are schematic drawings of an apparatus for forming a patterned film. 
Figs. 2a, 2b. and 2c are schematic drawings of the formation of a patterned film usmg 

the apparatus of Fig. la. . ~ , • 

Figs. 3a, 3b, and 3c are schematic drawings of the formation of a patterned film usmg 

a modified version of the apparatus of Fig. la. 

Figs. 4a and 4b are schematic drawings of the formation of a patterned film using a 
another modified version of the apparatus of Fig. la. 

Fig 5 is a graph of theoretically determined values of the wavelength A ot the 
patterned film and the characteristic time x of the pattern formation for a liquid-air interface. 

Fig. 6 is a graph of theoretically determined values of the wavelength X ot the 
patterned film for a liquid-liquid interface. 

Figs.7a, 7b, 7c, and 7d are optical micrographs of polystyrene patterned films 
produced using a homogeneous externally applied electric field. 

Fig. 8 is an optical micrograph of a polystyrene patterned film produced using o 
heterogeneous externally applied electric field. 
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Detailed Description 
The invention features a method for producing a microlithographic pattern, e.g.. a 
patterned film on a substrate. The method involves exposing the interface between a firsl 
flowable medium and a second flowable medium to an externally applied electric field for a 
time sufficient to form a pattern in the first flowable medium, and hardening the first 
flowable medium to retain the pattern in the absence of the externally applied electric field 
and form the patterned film. The electric field can be applied by placing the flowable media 
in a capacitive device, e.g., between two electrodes having a potential difference. The 
flowable media respond to local variations in the externally applied electric field along the 
interface and local variations in the surface energy of an electrode, or any intermediate layer, 
contacting them. Accordingly, a selected pattern can be mapped onto either flowable 
medium by controlling such parameters. 

An apparatus 100 for producing the patterned films is shown in Fig. la. A film 110 
formed on a substrate 120, is spaced from an upper electrode 130 by a gap 152 filled with a 
second material 150. The second material can be any of a gas at any pressure (e.g., air), a 
liquid and a flowable plastic. While the second material is typically a dielectric, it can also 
be conductive or semiconductive. At least a portion of substrate 120 is conductive and 
defines a lower electrode. For example, the substrate can be a semiconducting wafer. The 
first and second electrodes are connected to a variable voltage source 140. which during 
operation produces an externally applied electric field between the electrodes. 

Film 1 10 and second material 1 50 define an interface 154 that is responsive to a 
Laplace pressure (e.g., surface tension), which tends to stabilize the interface. In the 
presence of the externally applied electric field, however, a difference in dielectric constant 
across the interface gives rise to an electrostatic pressure, which is opposed by the Laplace 
pressure and a disjoining pressure and destabilize the interface. When film 1 1 0 and second 
material 150 are each in a state that permits them to flow relative to one another, the structure 
of the film at the interface can deform in response to the electrostatic pressure and produce a 
lateral structure. For example, such flowable media include gases, liquids, glasses, and 
flowable plastics such as teflon. 

Typically film 1 10 is a dielectric material including, e.g.. a dielectric polymer or 
oligomer. For example, the film can be a glassy or semi-crystalline polymer (e.g.. 
polystyrene), which is spin-coated onto substrate 120. Other suitable polymers for the film 
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include po.yme.hy.rn. ***** (PMMA), brominated po.ysty.ene (PBrS). and po.yisoprene. 
Suitable oligomers inc.ude s.yren: and dimethylsiloxat*. Such polymers and oligomers are 
also suitable for the seeond materia, in the gap, provided it is different from the film matena,. 
Preferably the firm is liquified when exposed to the external., app.ied field. The film ean be 
5 liquified by, e.g., heating (i.e., annealing) it or exposing it to a solvent or a solvent 

atmosphere. For example, when the film is a glassy or semi-crystalline polymer, « may be 
solid a, room temperature and turn liquid upon heating. Alternatively, liquifying the film 
may „o. be necessary because, e.g., the film may already be a liquid or may be sufficiently 
flowable to respond to the electrostatic pressure imparted by the externally applied e.ectnc 
, 0 field In addition to being a dielectric material, the film can also be a conducvc or 
semiconductive material. However, when either film 1 1 0 or second material 1 50 ,. 
conductive, substrate 120 or upper electrode .30 may include a non-conductive layer to 
prevent shorting between the e.ectrodes. Such additiona, .ayers may a,so be desirab.e even 
when film 1 10 and second materia. .50 are not both conducive. 
15 H or example, in the embodiment shown in Fig. Ib.substrate 120' includes a 

nonconductive layer 170 and a conductive layer .75 defining the second electrode. In the 
description that foUows, the embodiment of Fig. ,a is assumed, but the description ,s 
applicable to the embodiment of Fig. lb as well. Furthermore in additional embodrments. 
film 110 may include a plurality of dielectric, conducing, or semiconducting layers. The 
20 voltage source 140 can be an AC source or a DC source. 

When a voltage is applied to the electrodes, the resulting electric field between the 
electrodes 120 and 130 will induce a dipole field a, the dielectric interface between film 
and gap 160. which will ultimately destabilize the dielectric film and dommate over 

25 asshowninFig.2a. With time, the amplitudes of these waves increase untr. film 110 

touches electrode ,30, as shown in Fig. 2b, thereby producing a co.umnar structure havtng 
well-defined column diameters and inter-column spacing forms. By hardening or aohdtfymg 
the film material, the structure is preserved, as shown in Fig. 2c. For example, to preserve 
,he structure, the film can be ordered (e.g.. crystallized) by reducing temperature and/or 

30 adjusting pressure, it can also be solidified by any of a chemical reaction, a cross-hnkmg 
process, a polymerization reaction, and a sol-ge. process. 
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The column diameter and spacing depend on parameters such as the potent.al 
difference between the upper and iower electrodes, the e.ectrode spacing, the d.electnc 
parties of film UO and materia! .50, and the Up.ace pressure of the film (e.g., the surface 
tension for the case of gap 1 60 being a gas). 

The embodiment described in Figs. 2a-2c corresponds to a dev.ce formed by a 

field the electrically induced instability of the die.ectric film 1.0 is additionally mod.fied by 
the literal gradients of Ore electric field. This effect can be used to replicate a master pattern 
to a .ateral structure in the dielectric film. To this end, one or both e.ectrodes can feature a 
.ateral pattern. Such e.ectrode patterns can be produced, for examp.e, by electron beam 
etching Such an embodiment is shown in Fig. 3a. where upper electrode ,30 ,s replaced 
with upper electrode 330. which is topographically patterned. In this case, the externally 
W lied field causes the film undulations to focus in the direction of the electric field 
Lent i.e.. in the direction of increasing electric fields. As a result, the dielectnc film 
Usapattern corresponding* the topographically patterned e.ectrode 330. as shown m 
Fig 3b Upon solidifying the dielectric film, the columnar structure is retained, as shown in 
2 3c in addition, the aspect ratio of the patterned film can be significantly greater than 
thtofthe patterned electrode. Toincrease the aspect ratio, the spacing between the upper 

necessary, the voltage can be varied during the re.ative disp.acemen, of the e.ectrode and 
the substrate. Furthermore, in other embodiments, the lower electrode can also be patterned, 
either in the alternative, or in addition, to the upper electrode. 

Theembodimen. shown in Figs. 3a-c provides one examp.eofhow one can lateral.y 

,a,era.,ybyprovidingone or both electrodes with multiple, lateral regtons hav.ng ddlerent 
condu cfivL. For example, the composition of one or both of the electrodes can vary 
lateral* (e.g., separate lateral regions containing different metals). Furthermore, one can 

si „g,e upper electrode and a single lower electrode, one can laterafiy vary the electnc fie. 
s I gth ^in g m U mp.e, independent., addressib.ee.ectrodes to generate muU.p.e voltage 
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nf the lateral structure. 

u . h^m in Fie 4a substrate 120 is replaced with substrate 

« In a further embodiment, shown in t lg. 4a, sui»u«. 

420 which has a lateral variation in hs surface energy. The M variation in surface 

energy can be produced, for exampte. by micro-contac, printing, electron or ion-bean, 

electric field results* an instability of the dielectric film, as descnbed above. The 
developing surface undulations afign with respect to the surface energy pattern of the 

strode 1 30 and adjacent gap 1 60 can have a latera, variation in surface energy. Cher ,n 
"Lmafi v ,ori„addifio, t oe 1 ec,rode«0.1nfi 1 nheren 1 bodi m en,,,t,sa,s„pc S s 1 b,e < o 

Have a lateral variation in the surface energy of one or both of the electrodes, and a 
^hical pattern on one or bothofthe erodes. an*or any ofcer combtnapon o, the 
t ales described above for .aterally varying the e.ectric field strength along the .nteriace. 

r:;i — in » »«. . *- — be on *. l0P 

electrode prior to use to facilitate such removal. 

Ahhoughnotmeanttolimitmeinvenuoninanyway.t.tefo.low.ngd.scuss.onmay 

THeoretical.y.theoriginofthefilmins.abili.ycanbeunderstoodwbeneons.denng 
rebalance of forces, which ac, at me interface. The in.erfacia, forces (e.g^urfaeetenstoM 
inimize the interfacia, surface area and stabilize the homogeneous film. The elec rtc he, . 

Lla<ic P ™op^ 
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film The liquid flow next to a solid surface is given by a Poiseuille type formula, wh.ch, 
.ogether with a mass conservation equation, establishes a differential equation descnbmg the 
temporal response of the liquid. A common approach to investigate the effect of external 
forces on a liquid film is the linear stability analysis. A small sinusoidal perturbation >s 
appl ied to an otherwise flat film and its response is calculated with the help of a lineanzed 
version of the differential equation. The resulting dispersion re.ation quantifies the decay or 
amplification of a given perturbation wavelength with time. The fastest amplified mode ,s 
given by: 

2 7 (1) 



20 



in which X. is the wavelength of the mode and corresponds to the resolution of the formed 
pattern,*, is a function of the electric field and the dielectric constant of the film, and h ,s 
the thickness of the film. 

The dotted and dashed lines in Fig. 5 show X, as a function of the electnc field tor 
slightly different models of tire e.ectrostatic pressure*,. A similar equation quant.fies the 
characteristic time r„ for the formation of the instability (right hand axis in F,g. A The 
experimental data shown in Fig. 5 will be described further below. 

For the limit of a vacuum gap separating the upper electrode trom the film, 
expressions for \ m and r. can further be expressed as: 



(2) 



(3) 



whereto applied voltage between the electrodes is U, the surface energy of the film is y, 
dielectric constant ofthe film is . , the film viscosity is „, and the plate separation is d. 1 
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general, the equations indicate that no features are formed without the presence of the 
externally applied field. They ah.o indicate that the resolution of the pattern is arbitrarily 
small because, in principle, d, h, and V can be arbitrarily controlled. For example, non- 
conductive spacers can be used to precisely control the electrode spacing. For suitable 
parameters, the electric field is typically in the range of about 1 0 7 V/m, and the time required 
to produce small features is sub-second. Furthermore, if desired, the surface energy of the 
film can be adjusted by introducing materials such as surfactants or block copolymers, or 
additives that increase or decrease the surface energy. 

For the case of a liquid material separating the film from the upper electrode, the 
difference in dielectric constant across the interface decreases, which would tend to increase 
the value for X m . 4n practice, however, this is more than compensated by a decrease in the 
Laplace pressure for a liquid-liquid interface versus a liquid-air interface. For example, a 
typical Laplace pressure for a liquid-air interface is about 30 dynes/cm 2 , whereas the Laplace 
pressure for a water-oil interface is about 1 dynes/cm 2 . This is explained with further 
reference to Fig. 6. The dependence of X m on the dielectric constant difference between the 
liquids, i.e. Ae = e, - e 2 , while keeping other variables constant, is shown in Fig. 6 (dashed 
line, left and top axis). X m diverges at the point where the dielectric constants of the two 
media are equal, i.e. Ae = 0. This is understandable since the polarizabilities of the liquids 
are equal and the electric field does not exert any pressure on the liquid/liquid interface. The 
solid line (left and bottom axis) of Figure 3 illustrates a simple route to achieve smaller sized 
structures. These results show the scaling of *„ as a function of the interface or surface 
tension. It is seen that X m oc & • As described above, a strategy to reduce Tia is by the 
addition of a small amount of a diblock-copolymer that segregates to the liquid/liquid 
interface. Similarly one can achieve an effective reduction of the surface tension of a single 
layer by placing a surfactant or any additive that reduces Yl2 at the liquid/air interface. One 
consequence of the reduction in X max for the bilayer is a dramatic decrease in time required to 
amplify fluctuations. Intuitively, one would expect that the presence of the second viscous 
medium would slow the growth of fluctuations substantially. On the contrary, experimental 
results (described in further detail in Example 3) show a 50-fold reduction in this 
characteristic time relative to a liquid-air structure. 
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While the topography of the film occurs spontaneously, control of the lateral structure 
is achieved by laterally varying the electric field strength a, the interface as described above. 
For example, recall that the upper electrode can be replaced by a topographically patterned 
master as described in reference to Fig. 2a-2c. Because the electrostatic forces are strongest 
5 for smallest electrode spacings d. the time for the instability to form is much shorter for 

smaller values of d (see Fig. 5, right hand axis). As a consequence, the emerging structure m 
the film ^focused towards the electrode structure. This leads to a replication of the master 
electrode. 

in general, embodiments of the invention exploit the use of electrostafc forces to act 
10 on a dielectric boundary. If the inter-electrode spacing is chosen small enough ( < 1 nm). 
small applied voltages ( - 30 V) are sufficient to generate high electric fields ( 1 0'-l C V/tofl 
in the dielectric film. This results in strong pressures that ac, on the dielectric boundary 
(- 10kN/m J ) These forces cause the break-up ofthe dielectric film. For a laterally 
homogeneous e.ectric field, the film instability features a characteristic wavelength, which ,s 
15 a function ofthe electric fie.d strength and the dielectric constant ofthe film and ,s well 
described bv a linear stability analysis. If one of the electrodes is replaced by a patterned 
master the electrode structure is replicated by the dielectric medium. As described m the 
experimental results below, lateral length scales down to 140 nm and aspect ratios close to I 
have been created. The extension to lateral length scales of less than 100 nm and aspect 
20 ratios greater than 1 are possible. 

The patterning methods disclosed herein can have many applications. 
For example, the methods can be used in microlithographic applications where the 
patterned film is formed on the substrate as a mask to selectively expos, some regions o, Ihc 
substrate and no, others. Once formed, the pattern can be transferred to the substrate by 
25 removing a layer ofthe substrate a, each of the exposed regions, e.g., by chemical or reacve 
ion etching techniques. Alternatively, a layer of materia, can be deposited onto the patterned 
substrate to fill the exposed region, For example, the exposed regions can be filled wtth 
metal to provide wires within an integrated circuit. 

Furthermore, using the techniques disclosed herein, multiple patterned films can he 
30 built up on a single substrate. For example, an additional layer can be deposited over the .„„ 
patterned film to immobilize i, during subsequent pattern formation above the add.uona. 
layer. Moreover, in addition to being a mask for microlithographic applicafons. the 

11 
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patterned films may themselves provide functionality for any multilayer structure formed 
using the methods disclosed herein. For example, the patterned film can be a patterned 
semiconducting layer in an integrated circuit. 

The patterning techniques disclosed herein are not limited to the fabrication of 
integrated circuits. They can also be used to form single or multiple patterned surfaces as 
part of. e.g., a display device or a chemical, biological, medical, or mechanical sensor. 

Returning again to microlithography applications, the methods disclosed herein 
include many advantages over conventional photolithography techniques. In such 
techniques optical radiation passes through a mask or reticle to expose selected regions oi a 
photoresist layer deposited on a substrate. Typically a wet chemical etch follows to remove 
either the exposed or unexposed regions of the photoresist and thereby produce a patterned 
film on the substrate. In contrast, the techniques disclosed herein do not require a wet 
chemical etch to form the patterned film, instead the externally applied electric field causes 
mass transfer of the film material to form the pattern. As result, problems commonly 
associated with wet etching, such as under exposure or undercutting due to over exposure are 
avoided. 

Furthermore, the techniques disclosed herein do not require the optical exposure tools 
necessary in photolithography. Moreover, tire resolution of the techniques are no, limited by 
any optical diffraction or scattering constraints. To the contrary, a single master electrode 
having a topography with resolution better than the diffraction-limited resolution of 
photolithography tool can be produced by, e.g.. election beam etching, and then, ustng the 
techniques disclosed herein, the master electrode can be used multiple times to reproduce the 
high-resolution pattern on as a film on each of multiple substrates. 

Rxamnles 

The invention will now be illustrated by way of the following nonlimiting examples. 

^ ^Vtmn^nSZoft lysfyrene <PS, of thickness » was spin-coated from solution 
onto a highly polished silicon wafer serving as one of the electrodes. Subsequently, another 
silicon wafer was mounted as the opposing electrode at a distance d leaving a thm a,r gap. 
The assembly was then heated above the glass transition temperature of the polymer (T g ) and 
a small voltage V (20-50 V) was applied. To assure the air gap, the top electrode had a small 
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100 nmto 1000 



20 



25 



step Using a wedge geometry, a range of d values could be achieved, while locally 
maintaining a nearly parallel electrode configuration. Air gaps ranging from 100 nn 
nm were achieved in this way. The voltage and the geometry of the capacitor device 
determine the electric field. The electrostatic driving force scales with the difference of the 
electric fields in the polymer film, E p , and the air gap. E p increases with decreasing values of 
J and increasing polymer film thickness h. The low applied voltage combined w.th the small 
distance between the electrodes id < 1pm) leads to high electric fields E p (10 7 - 10 fc V/m). 
The electric filed caused a small current to flow through the device (10-50 mA/cm 2 ). At h lg h 
electric fields the current is caused by an ion conduction mechanism mediated by small 
impurity molecules in the polymer matrix. After exposing the heated film to the applied 
voltage for a time ranging from several minutes to a few hours, the polymer was 
subsequently immobilized by quenching below 7 r the top electrode was mechamcally 
removed, and then the morphology of the polymer film was investigated by opucal and 
atomic force microscopy (AFM). 

The results of the experiment are shown in Figs. 7a-7d, which are optical micrographs 
of polystyrene (PS) films that were exposed to an electric field. In Figs. 7a and 7b, a 93 nm 
thick PS film was annealed for 18 hours at 170°C with an applied voltage U- 50 V. In Figs. 
7c and 7d the film thickness was increased to 193 nm. Depending on the electnc field 
strength and the exposure time, either surface undulations (Fig. 7a) or a columnar structure 
where the liquid bridges the gap between the electrodes (Fig. 7b) were observed. Because 
the two electrodes were not perfectly parallel, the electric field also exhibits a small lateral 
variation. 

Qualitatively, different degrees of ordering were observed. The ordenng phenomenon 
originates from the repnlsion of the equally charged undulation maxima and mimma. Whtle 
the film morphology in Fig. 7b exhibits only imperfeet order, more complete hexagonal 
pairing was achieved in Fig. 7c. The main difference between the two images .s the mtt.al 
thickness h of .he polymer film. With otherwise similar parameters, this increased tmckness 
,eads to a more dense lateral arrangement of the polymer columns and to an mcreased 
column-column repulsion. As a consequence, an improved hexagonal order was observed m 

Fi° 7c compared to Fig. 7b. 

While nearest neighbor interactions lead to a hexagonal symmetry, second order 
effects can be observed as well, as demonstrated for the nucleated instability in Fig. 7d. The 
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,„cally higher value of * at the rucleation point leads to a higher electric field and an 
increased driving force. This caused a depletion of .he nearest-neighbor undulations. The 
next-nenres, neighbors, on tire other hand, were again amplified. They forced a rosette on a 
circle with a radius , - 2X and a circumference of 2nr - 12 A where X is a characterise 
5 wavelength. Beyond the circle of next-nearest neighbors, the instability decays w,.h 

increasing distance. In the absence of nncleation effects, a similar argument also explams the 
hexagonal Coses, packing of the columns in Fig. 7c, where each maximum is surrounded by 
six neighbors, corresponding to a circle with radius X and circumference - 6 X. 

Another observation concerns the well-defined lateral length sca!e. The wavelength X 
,0 is a function of electric fie,d £„ which varies inversely with the e.ectrode spacing. Ine 

.ateral structure dimensions as well as the plateau heigh, is readily measured w„h the AFM 
yielding X as a function of electrode spacing d. In Fig. 5, X is plotted as a function ot the 
elecric field E p in the polymer layer. For a given film thickness K *e characteristic lateral 
structure size exhibits a power-law dependence as a function of the increasing electnc field. 
1 5 corresponding to a decrease in the electrode spacing (top axis). 

p,.. m r l> ■> - Heterog eneous Fields 

A patterned electrode was mounted facing a brominated polystyrene film (h - 4. nm). 
and the film was subjected to an applied voltage of 42 V. The device was maintained a, 
20 170°C and exposed to the applied voltage for 20 hours. To ensure that no polymer rematned 
on the master electrode after disassembly, the electrode was rendered unpolar by depositing 
of a self-assembled monolayer. Fig. 8 is an AFM image mat shows ,40 nm wide stripes 
( fu„-wid,h half maximum), which replicate tire silicon master electrode (200 nm snipes 
separated by 200 nm wide and 170 nm deep grooves). A cross-section measure men, reveals 
25 tmW<*™™^r^^^**^<*%™* 
The profile of the polymer stripes is nearly rectangular with an aspect ratio of 0.8, The htgh 
q nality of tire replication extended over tine entire 100 * 100 pm> area that was covered by 
the master pattern. 

30 Fvpm ple 3 -Bilayer Liq uids 

Thin liquid films of polyisoprene (PI) and oligomer, styrene (OS) were sptn-coated 
from toluene solutions onto bare and go!d-coated silicon wafers, respectively. The film 
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ftickness was > 40 nm. For some experiments, a small air gap was .eft above the hou.d to 
form ,i q uid/air bilayers. In the remaining experiment, the air was repiaced w,th a ayer oi 
Kgomldirne.hyUilox.ne^^^ 

us ed to deposit me ODMS iaye, The overaU thickness of the bilayer was nom.na.ly . pn. 
5 Tab.e . he,ow summarizes the physical constants of the liquid oligomers and polymers From 

Z^-— , 

mN /m 1 .68 mN/m and 3.2 mN/m. respee,ive,y. Thin rails of silicon oxide were evaporated 
ontop of indium-tm-oxideOTOVeoatedmieroseope slides (De.uTeeho.ogies, .an these 
de were mounted on top of the bilayer samples with the ,TO and slUoon ox.de s,de .acm. 

b „u„daUas.hus,ontro,ledby,heheigh,of,heevapora,edspaeersandwas,yp,any 

(U . MV for Pl/air. Pl/ODMS bilayer experiments and U = 50 V tor OS/a,r. OS/ODMS 
Layer experiments, was applied between the Si substmte Ceiee.rode 1 , and the H O laye, 

JLen the erodes, leaving an air gap of 940 nm. An amp.ifieatton of fluetua ons a me 

20 P1 columns. The average distance between the center of two neighboring columns ,s 
<>/./> = 47.4±4.4 nm. 

The influence of changes in e and y of the upper layer on the time and size sca.es o, 
ft, evolving structures was investigated in the second set of experiments involving a 
PVODMS bilayer annealed a, ambient conditions. Again a cylinder structure .esu ^bm 

Icylindersmuctumsnowexhibitatypicalspacingof^^O.o.l.apm.Th, 
ZZ is aboutone-halfthatobserved in fte single film experiments. The characters 

es or fte growth of flte cylinders were determined for both the single and b.layers cases 
Dy optical microscopic observations. The time retired to produce the first ohservaW 

Infte time needed to producethe columns in the single film case. Add.«onal expenments 
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i OS/air and OS/ODMS bilayers showed essentially the same behavior, with 
^,_ a .,> = 12.7±2.8 urn for OS/air and «W> = 7 - 6±2 - 9 ^ m of 0S/0DMS - 



Table 1 





OS 


PI 


ODMS 


y (mN/m) 


39 


32 


20 


£ 


2.5 


2.37 


2.93 


i Mn 


580 


40,000 


commercial grade 


n (Poise) * 


r 15 


400 


ZZZJ 





Other Embodiments 

It is to be understood mat while the invention has been described in conjunction with 
the detailed description thereof, that the foregoing description is intended to illustrate and not 
limit the scope of the invention, which is defined by the scope of the appended claims. Other 
aspects, advantages, and modifications are within the scope of the following claims. 

What is claimed is: 
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1 A method for forming a patterned film on a substrate, the method comprising: 
providing a first flowable medium on the substrate and a second flowable medium on 

the first flowable medium, the first and second flowable media having different dielectric 

properties and defining an interface there between; 
5 applying an electric field to the interface for a time sufficient to produce a structure in 

the first flowable medium along the interface; and 

hardening the structure in the first flowable medium to form the patterned film. 

2. The method of claim 1. wherein the second flowable medium is a gas al any 
10 pressure. 

3. The method of claim 1, wherein the second flowable medium is a liquid. 

4. The method of claim 1, wherein the application of the electric field comprises 
15 laterally varying the strength of the electric field along the interface to define the structure. 

5. The method of claim 4, further comprising providing the substrate with a laterally 
varying surface energy to further define the structure. 
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6. The method of claim 1 , further comprising providing the substrate with a laterally 
varying surface energy to define the structure. 



7. The method of claim 1. wherein the substrate comprises a lower electrode and the 
application of the electric field comprises applying a voltage across the lower electrode and 

25 an upper electrode spaced from the lower electrode by at least the first and second flowable 
media. 

8. The method of claim 7, wherein at least one of the upper and lower electrodes 
have a topography that defines a laterally varying separation between the electrodes. 
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9. The method of claim 7, wherein at least one of the upper and lower electrodes 
comprises multiple, lateral regions having different conductivities. 
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10. The method of claim 7, wherein the substrate includes a layer of non-conductive 
material positioned between the lower electrode and the first flowabie medium. 

5 ii. The method of claim 10, wherein the layer of non-conductive materia! comprises 

multiple, lateral regions having different dielectric properties. 

1 2. The method of claim 7, wherein the upper electrode is spaced from the second 
flowabie medium by a layer of non-conductive material. 

10 

13. The method of claim 12, wherein the layer of non-conductive material comprises 
multiple, lateral regions having different dielectric properties. 

14. The method of claim 7, wherein the substrate comprises multiple, independently 
1 5 addressable lower electrodes. 

15. The method of claim 7, wherein the application of the external electric field 
comprises generating multiple, potential differences between the lower electrode and 
multiple, independently addressable upper electrodes spaced from the lower electrode by at 

20 least the first and second flowabie media. 

16. The method of claim 1 , wherein the first flowabie medium is a liquid. 

17. The method of claim 1, wherein the hardening comprises cooling the first 
25 flowabie medium. 

1 8. The method of claim 1 . wherein the hardening comprises initiating a chemical 
reaction in the first flowabie medium. 

30 19. The method of claim 1, wherein the hardening comprises polymerizing the first 

flowabie medium. 
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20. The method of claim 1, wherein the hardening comprises cross-linking the first 
flowable medium. 

21 . The method of claim 7 further comprising separating the upper electrode and the 
5 second flowable medium from the hardened lateral structure to reveal the patterned film. 

22. The method of claim 1, further comprising repeating the providing, applying, and 
hardening steps to form a second patterned film on the substrate. 

10 23 . The method of claim 1 , wherein the patterned film exposes selected regions of 

the substrate and the method further comprises removing a layer of the substrate at each of 
the exposed regions. 

24. The method of claim 1, wherein the patterned film exposes selected regions of 
15 the substrate and the method further comprises depositing a layer of material at each of the 

exposed regions of the substrate. 

25. A method for producing a pattern on multiple substrates, each of the multiple 
substrates having at least one lower electrode, the method comprising: 

20 providing a master defining the pattern, the master comprising at least one upper 

electrode; 

providing a first flowable medium on one of the substrates; 

positioning the master above the first flowable medium spaced from the first flowable 
medium by at least a second flowable medium, the first and second flowable media having 
25 different dielectric properties and defining an interface there between; 

applying a voltage across at least one of the lower electrodes and at least one of the 
upper electrodes for a time sufficient to produce a structure in the first flowable medium 
along the interface; 

hardening the lateral structure in the first flowable medium to form the pattern; and 
30 using the same master, repeating the second providing step, the positioning step, the 

generating step, and the hardening step for additional ones of the substrates. 
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26. A patterned film produced by the method of claim 1 . 
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Fig. 5 
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